Previous studies have shown that the free fatty acids (FFA) of blood plasma are renewed much more rapidly than the other plasma lipids (1-3). It has been calculated that, if oxidized, they could satisfy the requirements of oxidative metabolism in the postabsorptive state in man at rest (3). Measurements of arteriovenous (A-V) differences have shown that sufficient FFA are taken up by the heart in the postabsorptive state to account for much of its oxidative metabolism, provided they are all oxidized (4-5). Similar observations related to skeletal muscle have been difficult to evaluate because of the multiple sources of venous blood draining limbs (6). Measurements of radioactivity in expired CO2 after injection of C14-labeled fatty acids suggest that, in man (3) and in dogs (7), oxidation of circulating FFA accounts for 25 to 50% of energy metabolism in the postabsorptive state at rest. Such quantitative evaluations have been complicated by recycling of FFA between blood and tissues, recycling of triglyceride fatty acids from the liver, and slow equilibration of labeled CO2 derived from oxidation of labeled FFA with the body pool of CO2.
Previous studies have shown that the free fatty acids (FFA) of blood plasma are renewed much more rapidly than the other plasma lipids (1) (2) (3) . It has been calculated that, if oxidized, they could satisfy the requirements of oxidative metabolism in the postabsorptive state in man at rest (3) . Measurements of arteriovenous (A-V) differences have shown that sufficient FFA are taken up by the heart in the postabsorptive state to account for much of its oxidative metabolism, provided they are all oxidized (4) (5) . Similar observations related to skeletal muscle have been difficult to evaluate because of the multiple sources of venous blood draining limbs (6) . Measurements of radioactivity in expired CO2 after injection of C14-labeled fatty acids suggest that, in man (3) and in dogs (7) , oxidation of circulating FFA accounts for 25 to 50% of energy metabolism in the postabsorptive state at rest. Such quantitative evaluations have been complicated by recycling of FFA between blood and tissues, recycling of triglyceride fatty acids from the liver, and slow equilibration of labeled CO2 derived from oxidation of labeled FFA with the body pool of CO2.
We thought that many of these problems could be minimized if such studies were done during exercise, since blood flow would be directed primarily to workinig muscle. Thus, steady-state conditions might be reached earlier and permit more reliable calculation of the contribution of plasma FFA to total body metabolism. Further-t Junior Research Fellow, San Francisco Heart Association.
t Lederle International Fellow, 1962. more, since energy metabolism during exercise can be considered essentially that of skeletal muscle, such studies would measure utilization of FFA by muscle in vivo.
The efflux of FFA from plasma is increased during exercise (8) (9) (10) (11) , presumably a result of augmented blood flow to working muscles (10) (11) . Basu, Passmore, and Strong (12) have shown that the concentration of FFA in plasma from antecubital veins is elevated when men walk 3 to 4 miles per hour for more than 30 to 60 minutes. This suggests that the turnover rate of FFA is considerably increased during such exercise. We have chosen this model for our studies. The results show that the turnover rate of FFA is indeed increased and strongly suggest that FFA are the major circulating metabolites burned by working muscle in the postabsorptive state.
METHODS
Experimental subjects and procedures. Six members of a wrestling team, aged 23 to 30, volunteered as subjects. All were participating in a strenuous program of training and were in excellent physical condition. The nature and purpose of the study were explained to them in detail. They reported to the laboratory in the morning after fasting for 12 to 15 hours. Four received water as desired during the study. Two were first fed a fat-free breakfast containing 80 g of carbohydrate and 20 g of protein; and they also received 25 g of sucrose in the form of lemonade every half-hour during the study, so that their total intake of carbohydrate was 280 g in 5 hours. A brachial artery was cannulated by a modification of the technic of Berneus, Carlsten, Holmgren, and Seldinger (13) , and a catheter of the Rochester type was placed in an antecubital vein of the opposite arm. Physiological saline solution without heparin was used to maintain patency of the catheters. Expired air was collected intermittently through a low-resistance valve into a Tissot spirometer. End-tidal nitrogen and CO2 concentrations were measured continuously at the mouth in order to monitor respiratory exchange ratio by the method of Naimark, Wasserman, and McIlroy (14) . (18) . For purifying the extract, the directions of Trout, Estes, and Friedberg (19) were followed. Three ml of the purified extract was titrated with thymol blue by the method of Dole (18) . An excess of 0.02 N sodium hydroxide solution amounting to approximately the same volume used in the titration was added, and the two phases were mixed with the aid of a tube buzzer. The upper (heptane) phase was removed with a Pasteur pipette, and the lower (aqueous) phase extracted with an additional 3 ml of heptane. These two extracts, which contained the neutral lipids, were combined. The aqueous phase was then acidified with 0.05 N hydrochloric acid solution and extracted three times with 3 ml of heptane as before to obtain the separated FFA. In the first study, the lipids of 2 ml of plasma were also extracted in chloroform-methanol and separated into three fractions on silicic acid columns (20) . The second fraction, which contained glycerides and FFA, was then separated by the solvent partition method of Borgstr6m (21) . Since the two methods gave virtually identical specific activities for FFA, the first and simpler method was used in all other studies. In studies continuing for longer periods, accumulation of radioactivity in phospholipids and cholesterol esters might make it necessary to use the second method. The extracts containing neutral lipids and FFA were evaporated, dissolved in toluene containing 0.3% diphenyloxazole, and counted in a Packard Tri-Carb liquid scintillation spectrometer to an accuracy of at least 2%o. When palmitic acid-l-C14 was added to the original extraction mixture and carried through the analytical procedure, 92 to 96% was recovered in the separated FFA. The values for radioactivity in FFA were corrected accordingly. The plasma concentration of glucose was determined by a glucose oxidase method (22) , glycerol by a modification of the enzymatic method of Wieland (23) , and total proteins by a biuret method (24) . Plasma volume was determined with IP`-labeled human serum albumin.
Preparation of radioactive materials for injection,.
Palmitic acid-i-C4 with SA of 6 mc per mmole 1 and containing at least 99% palmitic acid by gas-liquid chromatography was complexed with human serum albumin as described previously (25) The turnover rate, I, of FFA was calculated in terms of carbon atoms, assuming a mean chain-length of 17. The concentration and specific activity of FFA varied little during the second hour of exercise, so the values obtained 135, 150, 165, and 180 minutes after starting the infusion were averaged to obtain q and P. The values at rest 45 and 60 minutes after stopping exercise, which also agreed closely, were used to obtain q and P at rest.
The fractional turnover rate of FFA is inversely related to q (Equation 1). Changes in i/q will be designated as changes in the rate of efflux of FFA from plasma. Data obtained during one experiment in a fasting subject are shown in Figure 1 . Pulse rate and oxygen consumption varied little during the exercise in this or any other subject. The rate of efflux of C1402 increased rapidly during the first 30 minutes of exercise, but very little during the second hour. The rate of efflux of FFA from the plasma changed rapidly in relation to exercise and followed closely, in time, changes in oxygen consumption and pulse rate, whereas the rate of influx of FFA into the plasma changed more slowly. These differing time relationships accounted for the transient fall in the plasma concentration of FFA in the first few minutes of exercise, the subsequent gradual rise, and the rapid increase when exercise ceased. These changes in three of the four fasting subjects are clearly seen in Figure 2 . In the two fed subjects, the values varied little during the experiments except for an increase after stopping exercise in one. Values for glucose, shown in Figure 2 , fell slightly but consistently during exercise in the fasting subjects and more so in the fed. In the fasting sub-
FIG. 1. DATA FROM A SINGLE EXPERIMENT IN A FAST-
ING SUBJECT. Palmitate-1-C" was injected intravenously at a constant rate throughout. In this study, unlike the others, the period of rest preceding exercise was only one-half hour. The changes in influx of plasma FFA are plotted from the reciprocals of the specific activity of plasma FFA at each interval of time, and the changes in efflux from the reciprocals of the radioactivity in FFA per unit volume of plasma (11) .
The turnover rate of FFA is inversely related to P (Equation 3). Changes in i/P will be designated as changes in the rate of influx of FFA into the plasma.
The equation for calculation of the percentage of total CO2 production derived from rapid oxidation of circulating FFA was derived as follows: CO2 (FFA) = 17 IF (Equation 4), where CO2 (FFA) is the rate of production of CO, from the FFA pool (millimoles per minute), and F is the fraction of FFA leaving the plasma pool which is rapidly oxidized. CO, (total) X R = IPF (Equation 5), where CO, (total) is the rate of production of CO2 (millimoles per minute) and R is the specific activity of CO2 (counts per minute and millimole). % = 100 CO, (FFA)/CO2 (total) (Equation 6). Substituting, Plasma levels of glycerol increased gradually to a maximum of 0.54, 0.65, and 0.52 umole per ml during the second hour of exercise in three of the fasting subjects (an example is shown in Figure 1 ). (27) . They feel that such a tracer gives values too high for the turnover rate of FFA. There is reason to suspect, however, that the method they used for measuring turnover rate gives values too low, since the plasma they injected contained most of the radioactivity in fatty acid esters rather than in FFA, and the chemical nature of their labeled FFA is not known. Dole and Rizack (28) (7) found similar oxidation of palmitate in the 1 and 6 positions after intravenous injection into dogs as the albumin complex. The measurements made during the second hour of exercise provide good evidence that pertinent metabolic events had approached steady-state conditions. The cardiac output during such exercise should have been about 12 L per minute and splanchnic blood flow about 1 L per minute (33) . Thus, the fraction of the cardiac output reaching the liver was only about one-third the value (25%) found during rest (33) . If, furthermore, the abdominal viscera did not increase their fractional extraction of FFA during exercise, splanchnic oxidation could contribute no more than 10%o of the total oxidation of FFA. Recycling of FFA from liver as triglyceride fatty acids would also 3 The single-injection method is preferable for determination of fractional turnover rate, since the volume of distribution of the isotope does not enter into the calculation. However, calculation of the turnover rate, which is a more important datum in our study, does require measurement of plasma volume and the assumption that this volume constitutes the FFA pool. In the method of continuous infusion, calculation of turnover rate does not depend on the volume of the compartment in which the isotope is distributed, and variations in the turnover rate are readily followed. be expected to decrease. The fraction of FFA entering adipose tissue would also be less if, as seems likely, a smaller fraction of the cardiac output perfused this tissue. Recycling of labeled FFA in the blood would then be expected to decrease. All these factors may have contributed to the constancy of the specific activity of FFA and almost steady production of C1402 during the second hour of exercise. The slight increase in specific activity of CO2 that occurred may also have resulted from delayed oxidation of palmitate stored in tissue lipids. If so, our estimates of fractional oxidation of FFA may be somewhat high. On the other hand, lack of complete equilibration of C1402 derived from oxidation of palmitate with body stores of bicarbonate would have an opposite effect.
The factors discussed here may limit the precision of our calculations, but it is unlikely that they can affect the conclusion that, in our fasting subjects, FFA were the chief fuel delivered to working skeletal muscle from the blood. This conclusion is probably generally applicable, but because of the highly selected nature of our subjects, studies of less well-trained individuals are needed.
These studies also show clearly that, during exercise, there is not only an increased rate of efflux of FFA from the blood, as shown previously (8) (9) (10) (11) , but also, as suggested by the studies of Basu and associates (12) , an increased rate of influx into the blood as well, presumably from adipose tissue. Efflux doubled almost immediately, whereas influx increased slowly, so that the turnover rate of FFA increased gradually during the first hour of exercise. During this period, other metabolites must have made the major contribution to energy metabolism. During the second hour, the turnover rate of FFA was double and the turnover rate of CO2 four times that during the period of rest following the exercise. The contribution of FFA to energy metabolism, however, was twice as great during exercise because of the much higher rate of oxidation of FFA entering tissue cells. Whether muscle cells actually burned more of the FFA they received during exercise than at rest cannot be answered from our studies, although the data suggest that this is a possibility. In our studies, the concentration of FFA did not rise as much as in those of Basu and associates (12) . These investigators inter-rupted the exercise to take samples of blood from an antecubital vein. Since the plasma level of FFA increases abruptly after stopping exercise because of a rapid fall in their fractional turnover rate (Figure 1) (10, 11) and venous blood levels may differ from arterial, the values they obtained do not reflect those in blood perfusing tissues during exercise.
The increased mobilization of FFA during exercise probably resulted from augmented hydrolysis of triglycerides in adipose tissue. This is supported by the rise in the plasma concentration of glycerol. Glycerol normally enters the blood from adipose tissue, as shown by its higher concentration in blood plasma from the saphenous vein than in that from an artery (34). Increases in the plasma level of glycerol during exercise have been found independently by Carlson, Ekelund, and Ord (35) . Decreased esterification of fatty acids in adipose tissue would not, on the basis of current information (36) , be expected to result in increased plasma levels of glycerol, whereas increased hydrolysis of triglycerides would. Other possible explanations for the increased concentration of glycerol in plasma during exercise include: 1) release from triglycerides hydrolyzed in working skeletal muscle (see below) and 2) decreased blood flow to the liver (33), which normally removes a large fraction of glycerol from the blood (34) . Isotopic studies of glycerol turnover rate should clarify some of these questions.
Basu and co-workers (12) found increased plasma levels of FFA during exercise in adrenalectomized and hypophysectomized subjects comparable to those in healthy subjects and concluded that secretion of epinephrine and growth hormone could not account for mobilization of FFA. We suggest that mobilization of fatty acids during exercise may result from augmented activity of sympathetic nerves in adipose tissue with consequent local liberation of norepinephrine, a potent activator of triglyceride hydrolysis in this tissue (36) . Infusions of norepinephrine cause mobilization and increased plasma levels of FFA (36) , and have been reported recently to increase plasma levels of glycerol as well (37) . Increased plasma concentrations of catecholamines, primarily norepinephrine, have been observed during exercise (38) . Studies during conditions of decreased activity of the sympathetic nervous system should be rewarding in this connection.
The striking decrease in mobilization of FFA produced by glucose during exercise demonstrates once more the antagonism (11) between factors promoting and inhibiting release of FFA from adipose tissue. On the other hand, we were unable, in the two subjects studied, to find clear evidence of a glucose-sparing action on fatty acid oxidation in working muscle, since the fraction of FFA leaving the plasma compartment that was rapidly oxidized was not decreased by feeding the subjects carbohydrate. Such sparing of oxidation of injected FFA and triglyceride fatty acids in intact organisms (20, 39) and of FFA in eviscerated, diabetic rats (40) has been shown previously. Sparing of fatty acid oxidation by glucose has been observed in muscle preparations in vitro under some (41) (42) (43) , but not all (41, 44, 45) conditions, and esterification of fatty acids in this tissue appears to be increased by carbohydrate both in vivo (20) and in vitro (43, 45) . The available evidence indicates, however, that carbohydrate inhibits mobilization of FFA from adipose tissue more readily than it inhibits their oxidation in other tissues (46) . Our studies show that fewer FFA are burned in the fed state primarily because skeletal muscle receives less to burn.
The values for the respiratory exchange ratio suggest that in the postabsorptive state, fatty acids comprised almost all of the fuel of metabolism. Since less than half appeared to be derived immediately from circulating FFA, the question of alternate sources of fatty acids arises. Triglyceride fatty acids would appear to be the only other circulating source of fatty acids likely to be utilized by working muscle. The isolated, perfused rabbit heart can remove and oxidize triglyceride fatty acids contained in very low-density lipoproteins (47) . From their relatively slow turnover rate, it seems unlikely, however, that triglyceride fatty acids can account for a large fraction of energy metabolism, particularly since, in the postabsorptive state, they must be synthesized in the liver from circulating FFA (25) . Transport of ketoacids from liver to muscle is, for similar reasons, unlikely to supply more than a small fraction of energy requirements (46 The concentration of glycerol in the plasma increased markedly during exercise in fasting subjects. The mechanisms responsible for this change and for the increased mobilization of FFA during exercise are discussed in the light of available evidence.
